Theoretical studies on the un-catalyzed and catalyzed aminations of ketene with NH 3 and (NH 3 ) 2 , respectively, were studied using MP2 and hybrid density functional theory of B3LYP at the 6-31+G(d,p) and 6-311+G(3df,2p) basis sets in the gas phase and in benzene and acetonitrile solvents. In the gas phase reaction, the un-catalyzed mechanism was the same as those previously reported by others. The catalyzed mechanism, however, was more complicated than expected requiring three transition states for the complete description of the C=O addition pathways. In the un-catalyzed amination, rate determining step was the breakdown of enol amide but in the catalyzed reaction, it was changed to the formation of enol amide, which was contradictory to the previous findings. Starting from the gas-phase structures, all structures were re-optimized using the CPCM method in solvent medium. In a high dielectric medium, acetonitrile, a zwitterions formed from the reaction of CH 2 =C=O with (NH 3 ) 2 , I(d), exists as a genuine minimum but other zwitterions, I(m) in acetonitrile and I(d) in benzene become unstable when ZPE corrected energies are used. Structural and energetic changes induced by solvation were considered in detail. Lowering of the activation energy by introducing additional NH 3 molecule amounted to ca. −20~−25 kcal/mol, which made catalyzed reaction more facile than un-catalyzed one.
Introduction
Ketene is a well-known reactive species, and its structural characteristics and reactions have been extensively studied both experimentally 1 and theoretically. 1b,2 In particular, the hydration of ketene, the reverse of the dehydration of acetic acid, has been considered a prototypical reaction, which in solution, proceeds by addition of one or two H 2 O molecules to the C=O bond to form an enol intermediate, eqs. (1a) and (1b), and not addition to the C=C bond to form the carboxylic acid directly, eq. (1c). There is theoretical evidence that the addition of (H 2 O) 2 , eq. (1b), is more favorable than that of H 2 O, eq. (1a) . 2c Amination of ketene is also of synthetic interest. In early experimental 3 and theoretical studies, 4 this reaction was reported to proceed more favorably by addition to the C=C bond rather than the C=O bond, in contrast to the hydration reaction mentioned above. However, more recent work in the gas phase 5 and in solution phase 6 has found addition to the C=O bond to be more favorable than addition to the C=C bond. Amination of ketene is therefore expected to be analogous to hydration.
Two different mechanisms have been proposed to explain the results of kinetic studies. Wagner and co-workers have observed linear dependence of the rate constant on the concentration of amine in the reaction of phenyl ketene with diethylamine in acetonitrile solution, eq. (2), 5b,c suggesting that only one amine molecule is present in the rate-limiting step. In contrast, Satchell and co-workers have found that the reactions of dimethyl ketene and diphenyl ketene with anilines follow the rate law shown in eq. (3) in benzene and in ether. 3, 7 This implies that the reaction proceeds competitively via two different amine species. 8 Such mechanisms are now established by theoretical studies of the hydration of ketones, 9 the hydration and ammonolysis of β-lactams, 
On the whole, direct comparison of experiment and theory has not been possible because most of the theoretical work refers to the gas phase. Recent developments in computational methodology enable us to study such reactions in solution using continuum models. 11 In earlier work, the solvation energy was estimated by single-point calculations on gas-phase optimized geometries, but geometry optimization of stationary points in a solvent has now become possible and several such studies have begun to appear in the literature. 12 The work of Ngugen, and coworkers is especially noteworthy. 6 They examined the amination of ketene in water solvent using the Onsager SCRF, PCM and SCI-PCM electrostatic continuum solvation models by reoptimization of gas-phase stationary points, and found that the profile of the reaction is not changed significantly.
In the gas phase, the formation of a zwitterionic intermediate is unlikely because of its intrinsic instability. In solution, however, such species can be stabilized by solvation and studies should be therefore expanded to take these species into account. Zwitterions, formed from the reaction of ketene with tertiary amines, 13 have in fact been identified experimentally by UV and IR by use of time-resolved laser flash photolyses 14 and theoretically in AM1 15 or BLYP calculations. 16 The addition of NH 3 or a primary amine to ketene can proceed by two different pathways, stepwise via a ketenenucleophile zwitterion, (I), or concerted via a neutral fourcenter cyclic transition state as shown in Scheme 1. Experimentally, evidence for the zwitterion (I) has been reported by UV/VIS spectroscopic 17 However, it is difficult to determine unambiguously whether (I) or (II) is the initial intermediate, because the characteristic IR absorption of the zwitterionic ylide (I) is similar to the IR absorption for C=C bond stretching of the enol amide (II). Since none of the previous theoretical studies has considered a zwitterion as a transient intermediate in the reaction of ketene with NH 3 or a primary amine and the stability of the zwitterion (I) should depend upon the reaction medium, additional theoretical studies are needed.
In the present work, the amination of ketene by NH 3 and the (NH 3 ) 2 has been examined theoretically in the gas phase and in benzene and acetonitrile.
Calculations
For the gas-phase reactions, all stationary points were optimized fully at MP2/6-31+G(d,p), B3LYP/6-31+G(d,p) and B3LYP/6-311+G(3df,2p) levels of theory and characterized by frequency calculations. Reactants, intermediates and products exhibited no, and transition structures exhibited one imaginary frequency. Solvent effects in benzene (dielectric constant = 2.247) and acetonitrile (dielectric constant = 36.64) were considered by using the CPCM methodology 19 at CPCM-B3LYP/6-31+G(d,p) and CPCM-B3LYP/6-311+G(3df,2p) levels. Geometries and energies in solution were also fully optimized with the OPT=LOOSE option to achieve convergence, 20 and characterized by frequency calculations at each level. Reactant complexes (RC) and product complexes (PC) are not considered in detail because they do not exist in solution. All calculations were performed with the Gaussian 98 program. 21 Intrinsic reaction coordinate (IRC) calculations 22 were performed at MP2/ 6-31+G(d,p) and B3LYP/6-31+G(d,p) levels of theory to confirm direct connection between transition structures and minima on both sides of the potential energy surfaces. The 
Results and Discussion
The Gas-Phase Aminations of Ketene. According to the gas-phase computations of Sung and Tidwell, 5a amination of ketene by attack on the C=O bond to give an initial enol amide is preferred over addition to the C=C bond to produce an amide directly. These workers also found amination by dimeric (NH 3 ) 2 to be more favorable than amination by NH 3 .
The same results were obtained at the QCISD/6-311+G(d,p)/ /MP2/6-31G(d,p) theoretical level.
6
The zero-point energy (ZPE) corrected activation ( ) and reaction ( ) energy changes for the amination of
Optimized stationary structures for the addition reaction of NH3 monomer to ketene at the B3LYP/6-311+G(3df,2p) level. Geometrical parameters shown with each structure refer to the gas-phase, benzene (in parentheses) and acetonitrile (in square brackets). Bond lengths are in Å. Optimized stationary structures for the addition of NH3 dimer to ketene at the B3LYP/6-311+G(3df,2p) level. Geometrical parameters shown with each structure refer to the gas-phase, benzene (in parentheses) and acetonitrile (in square brackets). Bond lengths are in Å.
ketene obtained in the present work are summarized in Tables 1 and 2 . The gas-phase results for NH 3 addition reported in Table 1 are consistent with those reported previously, but the results for (NH 3 ) 2 addition reported in Table 2 are not. In the previous works, 5a,6 different transition structures were found for the C=O addition step 5a(TS) 5a at MP2/6-31G(d) and TS8 6 at MP2/6-31G(d,p) levels. There is little bond formation and cleavage in 5a(TS) but both are well advanced in TS8. The difference can be understood upon inspection of TS1(d) and TS2(d) shown in Figure 3 . The former refers to the addition of NH 3 hydrogen-bonded to the catalytic NH 3 , its geometrical parameters are similar to those of 5a(TS). Likewise, the geometrical parameters of TS8 are similar to those of TS2(d). It seems that not all transition structures were located in the previous works, possibly because examination of the intrinsic reaction coordinate (IRC) to search for minima present on both sides of the PES was not performed. IRC calculations on TS1 ( Inclusion of additional species in the description of the C=O addition step makes the PES more complex -three transition structures and four intermediates are required. Figure 4 depicts the gas-phase and solution-phase potential energy diagrams. The rate-determining step for the gasphase C=O addition is a cooperative process in which enol 
In the previous studies, reversible addition of NH 3 to CH 2 =C=O was assumed or the rate-determining step was not identified. 6 In contrast, ratedetermining formation of enol amide was found in the reactions of phenyl ketene and 2-pyridylketene with (NH 3 ) 2. Table 3 summarizes the data found at B3LYP/6-311+ G(3df.2p). Although the electronic energy of 1(d) is higher than that of TS1(d) when the ZPE correction is included, the zwitterion I(d) is confirmed as a genuine intermediate by the frequency and IRC calculations.
This inversion of the energies of stationary points arises from the one absence of one vibrational mode in the TS in the region of the flat transition structure. 25 In the gas-phase amination the zwitterionic species I(d) could be a transient intermediate or a non-detectable species, despite its apparent identification as a stable intermediate on the electronic energy PES. Consequently whether a zwitterionic mechanism exists in the gas-phase reaction of ammonia dimer with ketene cannot be established.
There is an alternative cooperative process for the dimeric (NH 3 ) 2 addition, in which one NH 3 molecule carries out a 4-centered addition to the carbonyl carbon, and the other NH 3 acts as a general base catalyst (see III). This structure could not be located in the present work.
Amination of Ketene in Solution.
The existence of a zwitterion in the gas phase reaction is problematical as noted above. Although a zwitterion is expected to be more stable in solution the Onsager SCRF, PCM and SCI-PCM continuum models are unable to locate a zwitterionic species. 6 In the present work, a zwitterion I(m) corresponding to the CPCM-B3LYP/6-311+G(3df,2p) levels, respectively. In I(d) at B3LYP/6-311+G(3df,2p) the C-N bond length decreases on going from the gas phase (1.717 Å) to benzene (1.615 Å) to acetonitrile (1.581 Å) (Figure 3) , suggesting that the zwitterion is stabilized in the more polar solvent. Structures. The optimized stationary structures on the reaction coordinates in the gas phase and in solvents are represented in Figures 2 and 3 for the un-catalyzed and catalyzed reactions with NH 3 and (NH 3 ) 2 , respectively. Structural changes can be examined in two ways, by changing the nucleophile from NH 3 to (NH 3 ) 2 or by changing the reaction condition from the gas phase to two solvents. In the reaction with NH 3 , three transition structures, TS2(m), TS3(m) and TS4(m), which are tightly bound four-membered structures, are located but become looser six-membered structures when additional NH 3 molecule is participated in the reaction system. Changes in geometrical parameters are more complex when the reaction medium is varied. As can be seen in Figures 2 and 3 , the C=O bond length becomes longer but the C-N bond length becomes shorter as the solvent dielectric constant increases. For example, the C=O bond length of product acetamide at B3LYP/6-311+G(3df,2p) level is 1.215 Å (gas phase), 1.219 Å (benzene) and 1.226 Å (acetonitrile) but the C-N bond length is 1.364 Å (gas phase), 1.357 Å (benzene) and 1.350 Å (acetonitrile). Such trends in the bond lengths are true for all other stationary species except for TS1(d), TS2(d) and TS4(d). Especially the C-N bond length in TS1(d) is lengthened by 0.25 Å on going from the gas phase to benzene and further lengthened by 0.11 Å to acetonitrile. These structural changes suggest that TS1(d) becomes earlier transition structure due to the enhanced stabilization of I(d) in higher dielectric constant medium, which is in accordance with the Hammond postulate. 26 Substantial bond length changes also occur in the O-H bond between the carbonyl oxygen and the transferring hydrogen from NH 3 at TS2(d) and C-H bond between the terminal carbon (C 1 ) and the transferring hydrogen at TS4(d) as the solvent dielectric constant increases. These bond length changes are much smaller in the reaction with NH 3 , TS2(m) and TS4(m). For example, the O-H bond length is shortened by 0.03 Å in TS2(m) but is lengthened by 0.42 Å in TS2(d) from the gas phase to acetonitrile solvent. This indicates that the solvent effects on the TS structures are larger for reactions with (NH 3 ) 2 than with NH 3 .
Energetics. The energies reported in Tables 1 and 2 refer to ketene + NH 3 for the un-catalyzed reaction and to ketene + 2 NH 3 for the catalyzed reaction. In such cases, the basis set that describes a transition structure or intermediate is the combination of the basis set of the individual molecules. Since individual reactants are therefore described by a 
In eq. 4 and are the energies of A at the geometry of A in [ABC] in the absence and presence of the ghost orbitals of BC, respectively. Since such calculations are not applicable to the solvation model, only the gas-phase BSSE corrections are collected in Table 4 , which shows that the BSSE is large for MP2 calculations, smaller for DFT calculations, as is normally observed, 29 and almost negligible with 6-311+G(3df,2p) basis set. It seems that B3LYP/6-311+G(3df,2p) can be used as a BSSE-free method.
In this work, we studied the amination of ketene at MP2/6-31+G(d,p) level, which is the same basis set used by Sung and Tidwell 5a and hybrid density functional method of B3LYP level with same (6-31+G(d,p) ) and larger (6-311+ G (3df,2p) ) basis sets. The and for the gasphase aminations at B3LYP/6-31+G(d,p) and MP2/6-31+ G(d,p) levels are very similar, although the reaction energies at the MP2 level are slightly more favorable by about 1-3 kcal mol −1
. In contrast, the and at B3LYP/6-311+G(3df,2p) level are much higher by about 4-7 kcal mol theory, which proves that B3LYP/6-311+G(3df,2p) level is more accurate in describing the exothermicity of this reaction. Therefore, further discussions on the energetics will be based on the theoretical values obtained at this level of theory. In the gas-phase reaction of ketene with monomeric NH 3 , the reaction path through addition to the C=O bond is a stepwise mechanism via an intermediate enol amide as shown in Figure 4 . The rate-determining step is the second step, which produces product, acetamide, from the enol amide intermediate in all theoretical levels employed, i.e., the for the second step is higher by 1.85 kcal mol
than that for the first step. On the contrary, the reaction path through addition to the C=C bond proceeds concertedly with 8.46 kcal mol −1 higher than that to the C=O bond addition. Gas-phase reaction with (NH 3 ) 2 also shows that the C=O addition step is more facile than the C=C bond addition step but mechanistic change is observed in the stepwise C=O addition because the addition step producing the enol amide /6-311+G(3df,2p) 0.58 MP2 /6-31+G(d,p) 7.62 /6-311+G(3df,2p) 0.58 MP2 /6-31+G(d,p) 8.71 /6-311+G(3df,2p) 0.45 /6-311+G(3df,2p) 0.09 MP2 /6-31+G(d,p) 1.24 intermediate has higher energy barrier than the breakdown of the enol amide intermediate. Such mechanistic change is possible because highly strained 4-membered TS4(m) is changed to a less strained six-membered TS4(d) by introducing an additional NH 3 . Therefore, the mechanistic information derived from the false PES in the previous works 5a,6 should be reexamined.
Using the complete PES obtained from this work, it would be interesting to compare the solution phase results with the gas-phase one. The reaction mechanisms in solutions are very similar to those in the gas phase except for the formation of the zwitterion I(d) as a genuine intermediate on the ZPE-corrected PES in acetonitrile. Solvent effect can play an important role in controlling the activation barriers or reaction energies depending on the magnitude of solvation energies of all stationary species. If the magnitude of the solvation energy of reactant is greater (smaller) than that of TS, the reaction requires higher (lower) activation energy, and thus becomes unfavorable (favorable). Summary of the solvation energies of all stationary points is represented in Table 5 . Solvation energy refers to the difference in energies calculated in solvent medium (benzene or acetonitrile) and in the gas phase. Due to larger dielectric constant, acetonitrile exhibits somewhat larger solvation energy. The solvation energies are in the range +0.9~−6.2 kcal mol −1 in benzene and +1.9~−11.5 kcal mol −1 in acetonitrile. In the case of neutral reactants, intermediate and product, relatively small stabilizations occur but in the case of transition states and zwitterionic intermediates, larger solvation effects are observed due to increased charge separation. By lowering the energies of TSs, the activation energy of each elementary step become lower and thus make the reaction faster in solvent medium. For example, the for the rate-limiting step of the reaction path through the C=O bond addition with NH 3 is lower by 2. 16 . This indicates that the solvent effects on the are larger for reactions with (NH 3 ) 2 than those with NH 3 .
Conclusions
Ab initio and hybrid density functional method calculations were performed to study both the un-catalyzed and catalyzed reaction mechanism of ketene with NH 3 and the dimer (NH 3 ) 2 , respectively, in the gas phase and in benzene and acetonitrile solvent using 6-31+G(d,p) or 6-311+G(3df, 2p) basis set.
The following conclusions are the same as discovered by other researchers; (i) The pathway leading to the addition to the C=O bond requires lower activation barrier than that to addition to the C=C bond regardless of solvation. (ii) The catalyzed amination is more facile than the un-catalyzed one.
However the detailed mechanisms are quite different from those reported previously. In the gas phase catalyzed reaction, zwitterion I(d) is identified as a transient intermediate by IRC calculations and three transition structures, TS1(d), TS2(d) and TS4(d), are required to generate complete PES. I(m) in acetonitrile and I(d) in benzene are located as energy minima but become unstable or less stable when the ZPE correction is applied to the electronic energies. However, I(d) in acetonitrile is identified as a genuine minimum and should be included in mechanistic consideration.
From the complete PES for the amination reactions found from this work, we can conclude that the rate-determining step for the un-catalyzed reaction is breakdown of enol amide, II(m), via TS4(m) but the rate-determining step for the catalyzed reaction is formation of II(d) via TS2(d), which is opposite to the previous results. Therefore, the interpretation based on earlier works should be modified and reexamined. In order to consider this in detail, more thorough calculations are in progress in this lab. 
